ABSTRACT: An original scheme for sensitive absorption measurements, particularly well-suited for low analyte concentrations, is presented. The technique is based on multiscattering-enhanced absorption spectroscopy (MEAS) and benefits from the advantages of conventional absorption spectroscopy: simplicity, rapidity, and low costs. The technique relies on extending the optical path through the sensing volume by suspending dielectric beads in the solution containing the analytes of interest, resulting in multiple scattering of light, which increases the optical path length through the sample. This way, a higher sensitivity and lower limit of detection, compared to those of conventional absorption spectroscopy, can be achieved. The approach is versatile and can be used for a broad variety of analytes. Here, it is applied to the detection of phenol red, 10 nm gold nanoparticles, and envy green fluorescence dye; the limit of detection is decreased by a factor of 7.2 for phenol red and a factor of 3.3 for nanoparticles and dye. The versatility of this approach is illustrated by its application in increasing the sensitivity of colorimetric detection with gold nanoparticle probes and a commercially available hydrogen peroxide bioassay. The influence of different parameters describing the scattering medium is investigated in detail experimentally and numerically, with very good agreement between the two. Those parameters can be effectively used to tailor the enhancement for specific applications and analytes.
A bsorption spectroscopy is a fast, simple, and inexpensive method for the detection of biomolecules such as nucleotides, proteins, steroids, antibiotics, amino acids, and terpenoids, as well as pharmaceuticals, pesticides, or hydrocarbons. 1−9 This diversity makes absorption spectroscopy a tool of choice for a broad range of applications in research, medical laboratories, and industry. Additionally, it complements separation techniques such as high-performance liquid chromatography 10 and capillary electrophoresis 11 to identify and quantify analytes. Recently, its field of applications has been broadened by novel assays, where molecules are tagged to quantum dots, nanoparticles, or fluorescent dyes to enhance assay performance. 12−15 Alternative methods for detecting biochemical entities such as mass spectroscopy 16 and electrochemistry 17 have their own limitations. Mass spectrometry requires extensive equipment, while in electrochemistry, the analyte must undergo a redox reaction, which limits the materials to which it can be applied. Further alternatives are chemoluminescence 18 and fluorescence. 19 However, these techniques can experience bleaching and require specific and often expensive optical filters and, furthermore, invasive chemical species that interact with the sample of interest. Because of all these limitations, absorption spectroscopy is a commonly used detection method.
In conventional absorption spectroscopy, the light beam passes through the absorbing sample and the spectral intensity of the light is measured before (I 0 ) and after the sample (I). If the absorption coefficient of the analyte under study is known, its concentration can be determined using Beer−Lambert's law:
where C is the molar concentration, l the optical path length of light, and α the molar absorption coefficient. The minimal detectable concentration is determined by the relative change of intensity ΔI/I 0 = (I 0 − I)/I 0 , which depends on the equipment used, the amount of averaging, etc. ΔI/I 0 is typically limited for spectroscopic measurements to ∼10 −4 or using specific data analysis algorithms to 5 × 10 −6 , while smaller signals cannot be further distinguished from the background noise. 21, 22 For many practical applications, the concentrations of the analyte provide intensity changes lying below the limit of detection (LOD). For example, a typical dye, rhodamine 6G, has the strongest absorption of 116000 cm −1 M −1 at the wavelength λ = 532 nm. 23 The detection of 0.1 nM rhodamine would require an optical path of 86 cm with a ΔI/I 0 of ∼10 −3 measurement accuracy.
The sensitivity of absorption spectroscopy can be improved by increasing the optical path of light (OPL), and several techniques have been developed to do so: photoacoustic spectroscopy, 24 thermal-lensing effects, 25 liquid-waveguide capillary cells, 26 cavity-enhanced spectroscopy, 27 integrating sphere, 28 and attenuated total reflection spectroscopy. 29 Unfortunately, all these techniques require rather expensive and sophisticated equipment, and a simple technique that can push the LOD below the limit of conventional absorption spectroscopy is of great interest. In the following, we show that disordered media, which increase the OPL via multiscattering, can significantly improve the LOD for absorption spectroscopy.
The phenomenon of multiscattering in disordered media has been extensively studied in the context of photon localization, 30−32 light harvesting for solar cells, 33 focusing light below the diffraction limit, 34 and gas cameras. 35 Additionally, we have recently reported some preliminary results with cross-linked proteins forming a multiscattering solid matrix. 36−38 In all these examples, disordered media have been purposefully introduced to improve photon localization or extend the optical path. Much work has been done for cases in which the disordered medium is an obstacle rather than an aid. For instance, sensing and imaging through tissues and distant galaxies gave rise to reflection spectroscopy and spatially offset spectroscopy techniques. 39−41 The aim of this work is to provide a simple, tunable, and sensitive optical method, based on multiscattering in random media, for measuring low concentrations of dispersed or dissolved analytes. Examples of random media are thick membranes with a high filling factor used by Svensson et al. 35 Those membranes exhibit large OPLs and show an excellent performance for gas detection. However, similar porous membranes show an increased response time for measurements in liquids, because of the slow diffusion of the analyte. 42 Hence, diffusion of the analyte into the random media is a limiting factor for dynamic measurements performed in liquids. In the work presented here, the multiscattering configuration is achieved by introducing an appropriate density of dielectric spheres inside a solution containing the analyte of interest. In such a configuration, the diffusion is not an issue because active mixing can be performed, and consequently, a rapid diffusion of the analyte can be achieved. This multiscattering-enhanced absorption spectroscopy (MEAS) allows us to enhance the absorbance with respect to conventional absorption spectroscopy for a broad variety of analytes. Specifically, we demonstrate this technique for phenol red, 10 nm gold nanoparticles, and envy green fluorescence dyes. By applying MEAS to a hydrogen peroxide bioassay, we show that the sensitivity of the measurements can be increased and the optimal optical path length can be determined. To obtain a deeper understanding of the process, we also implement a model based on Monte Carlo calculations to simulate light propagation in disordered media. 43, 44 This way, we show both experimentally and numerically that variations in size, concentration, and geometrical thickness of the scattering medium control the optical path enhancement. The possibility of OPL tuning provides a way to design disordered media adapted to the application at hand (limit of detection, diffusion, sensitivity, and robustness).
■ EXPERIMENTAL SECTION
Reagents. DMEM medium with phenol red (40 μM), 10 nm gold particles, and envy fluorescence dye encapsulated in 60 nm latex beads were purchased from Life Technologies (catalog no. 10566), BBI solutions (catalog no. EMGC10), and Bangs Laboratories (catalog no. FS02F), respectively. The polystyrene bead (PS) microsphere kit was purchased from Polysciences (catalog no. 19822-1), and the colorimetric assay for hydrogen peroxide detection was purchased from Cell BioLabs (OxiSelect, catalog no. STA-343). Because the DMEM medium without phenol red does not absorb in the visible range, in our experiments we attribute the absorption of the DMEM mixture with phenol red to the corresponding concentration of phenol red. In the following, when we mention "phenol red" dilutions, we refer to the dilution of pure phenol red, not to dilutions of the mixture DMEM with phenol red.
All dilutions are done with deionized water if not stated otherwise. Different PS bead diameters and concentrations are used to investigate the influence of multiscattering, as described in the text. It should be noted here that PS beads do not aggregate because of the presence of negatively charged surfactants (e.g., <0.1% sodium dodecyl sulfate, according to the supplier).
Optical Measurements. The spectral measurements are taken in transmission mode using a 20× objective (UPlanFL 20×, Olympus, NA = 0.41) and inverted microscope (IX71, Olympus) coupled to a monochromator (TRIAX 550, Horiba Scientific) and a liquid nitrogen-cooled CCD camera (Symphony, Horiba Scientific). The typical integration time to record one spectrum is on the order of 300 ms. The absorption spectra are normalized with reference spectra obtained by measuring the same solution without the absorbing element; i.e., pure water is used as the reference for conventional absorption spectroscopy, while water with dispersed PS beads is used as the reference for MEAS. It must be mentioned that not the entire spectrum but only the values at the absorption peaks are used as reference points: λ = 520 nm for gold nanoparticles, λ = 530 nm for envy green dye, λ = 570 nm for phenol red, and λ = 595 nm for H 2 O 2 bioassays. Standard 384-well plates containing cuvettes with a 3.3 mm × 3.3 mm square cross section are used as the sample chamber, except for the experiments with varying thicknesses, where 96-well plates with a 7.3 mm × 7.3 mm cross section are used. This precaution prevents cross-talk between neighboring cells. For 40 μL samples, we did not observe cross-talk in 384-well plates, but experiments with a 1 cm optical path require a 96-well plate with a larger cross section to effectively suppress crosstalk. Using such wells demands only small volumes of analyte, which is advantageous for expensive biological samples. However, MEAS can also be implemented in larger absorption spectroscopy cuvettes.
■ RESULTS AND DISCUSSION
When light passes through the cuvette containing a homogeneous solution, its optical path is determined by the geometrical thickness L of the sample. In the following, absorption enhancement refers to a configuration corresponding to standard absorption spectroscopy. If the sample is inhomogeneous, i.e., exhibits noticeable spatial variations of the refractive index, the passing light undergoes multiscattering. Consequently, the OPL is increased as schematically illustrated in Figure 1 . In this work, this is achieved by adding spherical PS particles to the solution containing the analyte. Hence, the OPL becomes longer than the geometrical thickness of the sample, resulting in multiscatteringenhanced absorption spectroscopy.
Let us first illustrate this approach by measuring the transmission through a cuvette containing 40 μL of a 0.6 μM phenol red solution diluted in water, corresponding to a geometrical thickness L of 3.7 mm. The baseline is determined by transmission measurements trough the cuvette containing the same volume of pure water. In the second cuvette, we prepared a mixture containing 0.6 μM phenol red and 0.6 nM PS beads with a diameter d of 0.5 μm. To determine the baseline for this configuration we record the transmission spectrum of a 40 μL dispersion containing the same concentration of PS beads in pure water. We obtain two normalized transmission spectra for the same phenol red solution concentration. As sketched in Figure 1 , the absorption dip of phenol red is much less pronounced in the absorption spectroscopy measurement than in the MEAS configuration, which clearly indicates in the latter case an enhanced absorption due to multiscattering.
Improving the Limit of Detection by MEAS. We now quantify the enhancement provided by MEAS and compare the performance of this technique with that of conventional absorption spectroscopy for three different analytes: phenol red, 10 nm gold nanoparticles, and envy green fluorescence dye. Phenol red is commonly used in colorimetric measurements to determine the pH of a solution, because the magnitude of its absorption dip at λ = 570 nm is sensitive to pH. 45 Following the same experimental procedure as described above for Figure 1 , we measure the unitless absorbance A for different phenol red concentrations, using eq 2:
where I and I 0 are the measured intensities of the outcoming light and the baseline, respectively. The measurements are carried out using water and two mixtures containing 0.5 μm PS beads at two different concentrations: C ps 1 = 0.6 nM, and C ps 2 = 3.0 nM. Figure 2A shows that the absorbance A is proportional to phenol red concentration, which is in agreement with Beer−Lambert's law. To quantify the enhancement of the absorbance, we introduce a factor k defined as the ratio between the absorbance of the analyte in water and in the water/PS bead dispersion for a given wavelength:
Compared to that of the solution without polystyrene beads, the presence of PS beads increases the absorbance A by a factor k 1 of 3.3 for C ps 1 and a factor k 2 of 7.2 for C ps 2 . The horizontal line in Figure 2A corresponds to 3 times the noise level. Its intersection with the absorbance of the solution gives the calculated LOD, which scales linearly with the inverse of k. Defining LOD PS as the limit of detection in the solution with dispersed PS beads and LOD as the limit of detection without them, we obtain
Therefore, MEAS significantly reduces the LOD of phenol red from 200 to 28 nM. The amplification factor k does not depend on phenol red concentration C, and according to eq 2, the OPL scales linearly with k:
where OPL PS refers to the bead configuration and OPL to the optical path length without PS beads. While absorption spectroscopy is routinely used for colorimetric measurements, other assays use tagging strategies in which the molecule of interest is attached to various types of quantum dots, nanoparticles, or fluorescent dyes that enhance the performance of such assays and serve as indicators of the presence of molecules. MEAS can also be utilized in that context, and in the following, we demonstrate its utilization for the detection of gold nanoparticles or fluorescent dyes. The scattering of >100 nm gold nanoparticles dominates their absorption, and such nanoparticles can be detected with high sensitivity using a dark-field configuration. 46, 47 This is not the case for nanoparticles <55 nm in diameter, for which the scattering cross section drops dramatically and the absorption cross section starts to dominate. 46, 48 However, the latter remains very weak for such small gold nanoparticles, which makes their detection quite challenging, so that only a few complicated techniques have been successfully demonstrated so far. 49−51 This is detrimental for novel nanodevices that rely on extremely small metallic nanoparticles. 52, 53 Similarly, fluorescent dyes are the basis for a large number of assays commonly used in biology and chemistry, and the ability to measure their absorption can provide additional quantitative information. 54 Applying the same experimental scheme, we measure the transmission for 10 nm gold nanoparticles and envy green fluorescence dyes dissolved in water or in a water/PS bead (d = 0.5 μm) dispersion with a bead concentration (C ps ) of 0.6 nM. The corresponding absorbences A are shown in panels B and C of Figure 2 . The 10 nm gold nanoparticles have an absorption dip at λ = 520 nm, while the envy green fluorescence dye absorbs at λ = 530 nm. Note that it is quite exceptional to be able to measure the signal of nanoparticles as small as 10 nm. As for the phenol red, absorbance A is proportional to concentration C of the solution. When the scattering medium is used, an enhancement factor (k) of 3.3 is observed for both the nanoparticles and the dye, while the LOD decreases correspondingly. These results suggest that enhancement factor k does not depend on the type of analyte but changes only with C ps , as will be investigated below. Enhancing the Sensitivity of Bioassays by MEAS. In addition to the LOD, sensitivity S represents an important parameter for bioassays. This parameter is of special interest when the analyte evolves with time (i.e., changes its absorption α or its concentration C), for instance, during a chemical reaction or a biological process. In absorption spectroscopy, the sensitivity describes how the transmitted light intensity changes:
Here we restrict ourselves to the case in which the intensity changes only with concentration, thus:
From eq 7, we see that in a fixed volume with a given α and C the sensitivity cannot be changed in conventional absorption spectroscopy. In contrast, S can be tuned by changing the OPL in MEAS ( Figure 3A) . For a short l, S is very small because the system is in the weak-absorbing regime (regime I in Figure 3A ) and large changes in C are needed. On the other hand, when l is very large, the medium absorbs most of the light and S drops also toward low sensitivity (regime III in Figure 3A) . The optimal OPL l opt for which the sensitivity reaches its maximum is where ∂S/∂l = 0, leading to eq 8 (regime II in Figure 3A) :
For a given α and C, with the corresponding l opt given by eq 8, the maximal sensitivity is S opt = e −1 /C. To demonstrate this experimentally, we show that the sensitivity and LOD of a commercially available assay for the detection of hydrogen peroxide (OxiSelect) can be improved for low concentrations. It is worth noting here that H 2 O 2 plays an important role in biological systems: it acts as a signaling molecule in a broad variety of transduction processes and is a marker for oxidative stress, which is involved in aging but also in various diseases. 55, 56 The principle of the bioassay lies in the oxidation of Fe 2+ to Fe 3+ in the presence of H 2 O 2 , which forms a ferric xylenol orange (Fe-XO) complex. The formation of Fe-OX complexes leads to an alteration of the molar absorption coefficient, providing information about the H 2 O 2 concentration present in the solution. The experiments described herein are conducted using the bioassay according to the instructions provided by the supplier; in particular, the absorption is determined at λ = 595 nm. Not only the H 2 O 2 concentration but also the rate of change is a very important parameter when studying biological processes. The sensitivity for different H 2 O 2 concentrations is determined by measuring the change in the signal when 1 μM H 2 O 2 is added to a known concentration. Similarly, we measure the sensitivity S PS in the presence of 0.6 nM PS beads having a diameter of 0.5 μm. As observed in the previous experiments, the OPL increases by a factor k of 3.3 for an L of 3.7 mm, and consequently, S PS is enhanced for low concentrations as shown in Figure 3B . Moreover, the lower limit of the working range, given as 1 μM by the manufacturer, can be reduced to 300 nM. In the configuration at hand, S PS is larger than S in water for H 2 O 2 concentrations smaller than the threshold value (C th = 30 μM), while for higher concentrations, sensitivity S without PS beads dominates. The expressions for S opt and l opt suggest that very high sensitivities can be achieved for low concentrations with a corresponding large l opt (eq 8). In our experiments, we show that we are able to improve the performance of the bioassay by the factor S PS /S = 2.5 for 2 μM H 2 O 2 . Therefore, the concentration of the PS beads can be adapted to obtain the maximal sensitivity for the concentration range of interest.
Enhancing the Sensitivity of Colorimetric Detection with Gold Nanoparticle Probes. For a further demonstration of the performance of MEAS, we study the aggregation of 10 nm gold nanoparticles in the presence of hexanedithiol. Dispersed gold nanoparticles can be used as basis for sensitive colorimetric probes. 57 In this experiment, the two free thiol groups of hexanedithiol can bind two or more gold nanoparticles together. This leads to a gradual aggregation of the nanoparticles, which can be monitored via the optical response. As shown earlier, 10 nm gold nanoparticles exhibit an absorption peak at λ = 520 nm that decreases with progressive aggregation of the nanoparticles (Figure 4) . At the same time, a broad peak corresponding to the aggregated particles emerges at higher wavelengths. Thus, A can be directly related to the amount of hexanedithiol in the solution. If the described experimental scheme is applied in water, A decreases from 0.05 to 0.02 upon addition of hexanedithiol. In contrast, in a water/PS bead dispersion with a bead concentration C ps of 0.6 nM, A changes from 0.16 to 0.07, indicating an enhancement k of 3.3. It is worth mentioning that hexanedithiol does not bind to the PS bead surface. In conclusion, we demonstrate an enhanced sensitivity to hexanedithiol using 10 nm gold nanoparticles as colorimetric probes in MEAS, compared to conventional absorption spectroscopy.
Monte Carlo Calculations. Scattering of light in random media is a complex phenomenon, especially when the size of the scatterer is comparable to the wavelength of the light, as is the case in our configuration. The scattering for an individual particle in such a system is shown in Figure 5A . The total scattering cross section of the system results from the superposition of the individual amplitudes, making the problem rather complicated. Transport theory 58−60 and probabilistic Monte Carlo simulations 43, 61 are the two main numerical methods used to tackle this problem. While the former method requires the knowledge of the macroscopic parameters of the system such as density and diffusion coefficient, the latter resorts to microscopic parameters such as the distance between the particles and their size. Here we use the Monte Carlo procedure to gain a better understanding of the multiscattering phenomenon and to study the influence of the various parameters describing the PS bead dispersion in the absorbing medium.
The scattering process is simulated as follows. We make use of the linearity of scattering intensity and divide the incident light into wavepackets that are sequentially launched into the system. Wavepackets have been chosen instead of single photons to simulate the absorption along the OPL. To describe each scattering event between wavepackets and particles, we introduce a probability function that describes the angular dependence of the scattering. This function depends on scattering cross section σ of the particle and is approximated by the Henyey−Greenstein distribution. 62 The wavepacket continues to propagate after the scattering event in a randomly chosen direction determined using the probability function that reproduces the angular dependence of the scattering ( Figure 5B ). Thus, scattering from a large ensemble of wavepackets resembles a realistic scattering distribution. Because PS bead absorption is very weak and, moreover, is canceled out by the appropriate baseline in the experiment, it can be neglected in the simulations. Hence, only absorption from the background medium between two successive scattering events is considered.
This probabilistic Monte Carlo approach is implemented using MATLAB. First, we define the geometry, i.e., a box with dimensions identical to those used in the experiments, containing the random medium ( Figure 5C ). To achieve a reasonable approximation of a realistic system, 10 8 wavepackets representing the incident unpolarized light are launched at the central point of the top surface of the box. For each incident wavepacket, the intensity is assumed to be unity. The mean free path of light (l free ) between the scattering events is determined by the PS bead concentration (C PS ), the scattering cross section (σ), and the size (d) of the introduced beads as described below. The value of σ for the beads is calculated using Mie theory. 44 The attenuation of the wavepacket intensity between successive scattering events is calculated according to Beer's law (eq 1). All wavepackets escaping from the bottom surface of the box into a cone corresponding to the numerical aperture used in the experiment (NA = 0.41) are registered. The refractive indices for PS (n PS ) and the surrounding medium (water) (n H 2 O ) are 1.6 and 1.33, respectively. The simulations have been conducted at the absorption peak wavelength (λ d ) of the solution of interest (e.g., λ d = 570 nm for phenol red). For the calculations, we assume a random distribution of the PS beads, characterized by the random distance between particles: p = −l free log Σ, where Σ is a random number between 0 and 1. 43 Note that this approach does not hold for densely packed or so-called short-range random media. 63 In that case, densely packed scatterers modify the refractive index of their neighbors and influence the Mie scattering properties of each particle. The short-range regime is reached when l free becomes smaller than the diameter d of the scatterer. We consider that low scatterer concentrations correspond to l free ≫ d, whereas moderate concentrations are characterized by l free ≳ d. Here, we are clearly working in the former regime because l free ranges from 5 to 25 μm compared to d = 0.5 μm, and the model can be applied. On the other hand, l free is much smaller than geometrical thickness L, which fulfills the condition that wavepackets propagating in such a medium experience multiscattering.
Control of the OPL Enhancement. Let us now use the model described in the previous section to discuss the parameters that influence the OPL in a random medium. The enhancement of the OPL is determined by the number of times the wavepackets are scattered while traveling through the disordered medium. For a multiscattering medium, the OPL scales with the reciprocal value of the mean free path (l free ) in the dispersion:
The mean free path in the dispersion can be determined using 65, 66 
free sca (10) where F (=πd 3 C PS /6) is the filling factor, Q sca is the scattering efficiency for each individual scatterer, and g (=⟨cos θ⟩) is the average scattering angle. We consider only nonopaque samples because low absorption measurements are of special interest for absorption spectroscopy.
As seen from the experiments with phenol red (Figure 2A) , the PS bead concentration, and thus filling factor F, affects the OPL enhancement. 67 If C PS is low, l free becomes larger than L; hence, k goes to unity, and the system is no longer in the multiscattering regime. Figure 6A displays both measured and simulated k values as a function of F for phenol red. The graph indicates that k can be increased to 15 for F = 0.1. It is worth mentioning that the value of F has an upper limit that is determined by the closely packed configuration; i.e., F cannot go beyond 0.5−0.7 depending on the type of packing. 68 Note in Figure 6A the excellent agreement between simulations and measurements.
It should be emphasized that the numerical analysis of MEAS relies on a homogeneous statistical distribution of the scatterers within the sample volume. Hence, aggregation of the scatterers can reduce the OPL enhancement. Such an aggregation is more likely for a high PS bead concentration. Aggregation can be caused by the background media, which could reduce the OPL enhancement and hence the sensitivity. More detrimental is the case in which aggregation is caused by the analyte itself, because in that case the baseline measurement corresponds to a nonaggregated system. However, in our experiments, we are targeting very low concentrations of analytes, which limits aggregation. It goes without saying that the scattering medium should not interfere chemically with the species under study; this is the case for the PS beads used in the different experiments reported here.
To investigate the influence of the PS bead size, we prepare bead dispersions with different concentrations (C PS ) and different diameters (d) while keeping the filling factor (F) constant; the following PS bead diameters and concentrations are used: 0.5 μm and 3.0 nM, 0.75 μm and 0.9 nM, 1 μm and 0.375 nM, 2 μm and 38 pM, and 3 μm and 14 pM, respectively. Because 2 and 3 μm beads sediment in water within a few minutes, the solution density must be increased by addition of 0.05 g/mL glucose leading to a final density of 1.02 g/mL, which efficiently hinders sedimentation (PS density ρ = 1.05 g/mL; glucose ρ = 1.6 g/cm 3 ). This addition of glucose does not significantly affect the refractive index of the solution, which changes from 1.33 to 1.34. In this case, eq 10 leads to OPL ∼ Q sca g/d. We compare k for a 40 μL solution with that for a 1 μM phenol red solution ( Figure 6B) . A maximum of the k value can be observed for PS beads with a diameter d of 0.75 μm. Simple calculations using Mie theory show that Q sca strongly varies with d while the change in the value of g is insignificant. Furthermore, the two maxima of the k values around d = 0.75 and 3.5 μm agree well with maxima in Q sca obtained from Mie theory. It is worth mentioning that Q sca can also be tailored by tuning refractive index contrast Δn between the surrounding medium and the particle. 69 It is known that for disordered media the OPL increases with L 2 as the number of scattering events also increases with L.
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Consequently, according to eq 5, enhancement factor k increases with L, and therefore, MEAS, compared to absorption spectroscopy, benefits even more from increasing L. To vary geometrical thickness L, we prepare a solution of 1 μM phenol red with 0.6 nM PS beads (d = 0.5 μm) and add different volumes of the mixture to a 96-well plate (the larger cross section available in such a well ensures no cross-talk between neighboring wells). Transmission measurements confirm that the OPL of phenol red in water increases linearly with L ( Figure 6C ), whereas in a water/PS bead dispersion, it grows quadratically with L. For conventional absorption spectroscopy, L changes from 4 to 10 mm, whereas for MEAS, an increase from 13.2 to 73 mm is observed in Figure 6C , corresponding to a change in absorption enhancement k from 3.3 to 7.3. Spectral Dependence of the OPL Enhancement. Until now, we have determined k for only a single wavelength. As follows from eqs 9 and 10, k changes with wavelength because of the dispersive nature of Q sca (while g also contributes to this effect, its dispersion is much weaker than that of Q sca ). 69 As indicated in the Supporting Information, for the experiments with phenol red, gold nanoparticles, and envy green reported Rayleigh scattering. 69 The dispersion increases further with cell thickness L, filling factor F, or PS bead diameter d (Figures S7 and S8 of the Supporting Information). Finally, the relation k ∼ L remains valid over the whole spectrum ( Figure S9 of the Supporting Information).
■ CONCLUSIONS
We have presented a new scheme for sensitive absorption measurements, particularly well-suited for low analyte concentrations. The technique is based on multiscattering-enhanced absorption spectroscopy (MEAS). Like conventional absorption spectroscopy, MEAS is fast, simple, and inexpensive. After the introduction of PS beads into a solution containing the analyte, light undergoes multiscattering, which increases the optical path length through the sample. This way, a higher sensitivity and lower LOD, compared to those of conventional absorption spectroscopy, can be achieved. The approach is versatile and can be used for a broad variety of analytes. Here, it has been applied to the detection of phenol red, 10 nm gold nanoparticles, and envy green fluorescence dye, and we have observed that the LOD is decreased by a factor of 7.2 for phenol red and a factor of 3.3 for nanoparticles and dye. Furthermore, the sensitivity and working range of a commercially available hydrogen peroxide bioassay have been improved by almost 1 order of magnitude, which convincingly demonstrates the versatility of the technique. The influence of the concentration and size of PS beads as well as geometrical thickness L of the sample on the OPL in the disordered medium has been investigated numerically and experimentally. Those parameters can be effectively used to tailor the enhancement for specific applications and analytes. The results of performed experiments are in excellent agreement with numerical simulations based on a probabilistic approach.
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